Planarians have become widely recognized as one of the major animal models for regeneration studies in invertebrates. To induce RNA interference (RNAi) by feeding in planarians, the widely accepted protocol is one in which animals undergo two or three feedings of food containing double-stranded RNA (dsRNA) plus visible food coloring (e.g., blood) for confirmation of feeding by individual animals. However, one possible problem is that incorporated food coloring is often retained within the gut for several days, which makes it difficult to confirm the success of each round of dsRNA feeding based on the difference of the color density within the gut before and after feeding. As a consequence, the difference of appetite levels among individuals undergoing dsRNA feeding leads to phenotypic variability among them due to insufficient knockdown. In our attempts to overcome this problem, we have developed a novel method for achieving robust confirmation of the success of dsRNA feeding in individuals fed multiple times by means of including a combination of three different colored chalks (pink, yellow and blue) as food coloring. Notably, we found that this method is superior to the conventional method for positively marking individuals that actively consumed the dsRNA-containing food during four times of once-daily feeding. Using these selected animals, we obtained stable and sufficiently strong RNAi-induced phenotypes. We termed this improved multi-colored chalk-spiked method of feeding RNAi "Candi" and propose its benefits for gene function analysis in planarians.
Introduction
The freshwater planarian Dugesia japonica has extraordinarily high regenerative ability based on a unique population of somatic pluripotent stem cells called neoblasts , and thus has become widely recognized as one of the major animal models for regeneration studies in invertebrates (Agata et al. 2007; Agata & Inoue 2012) .
RNA interference (RNAi) is a powerful strategy for performing loss of gene function analysis in planarians, which has enabled us to successfully identify many genes required for neoblast dynamics during regeneration (Yazawa et al., 2009; Rouhana et al. 2010; Tasaki et al. 2011; Umesono et al. 2013; Hwang et al. 2015; Shibata et al. 2016; Hosoda et al. 2016) . In planarians, three distinct methods for delivering doublestranded RNA (dsRNA) into the body have been established: injection, feeding and soaking RNAi methods (S anchez Alvarado & Newmark 1999; Orii et al. 2003; Rouhana et al. 2013) . Among them, feeding RNAi is the most popular and convenient method, being especially applicable for high throughput screens in planarians (Reddien et al. 2005) . However, feeding RNAi has a relatively high risk of phenotypic instability and variability when compared to the other RNAi methods, since a wide range of total dsRNA amounts may be incorporated into the body due to differences of appetite levels among individuals. In attempts to reduce phenotypic instability and variability, visible food coloring (e.g., blood) has been used for confirmation of dsRNA feeding by individual planarians (Reddien et al. 2005; Hosoda et al. 2016) . Furthermore, increasing the number of dsRNA feedings makes a positive contribution to achieving this purpose (Rouhana et al. 2013) . Two or three rounds of dsRNA feeding with several days separating each round of feeding are generally performed for gene function analysis in planarians (Sakurai et al. 2012; Rouhana et al. 2013) . However, there has been no detailed analysis of the relationship between further additional numbers (e.g. 4 times) of dsRNA feeding and RNAi penetrance in planarians.
In this study, we used D. japonica as a model and developed a novel feeding RNAi method by using a combination of three different colored chalks (pink, yellow and blue) as food coloring, instead of a single food coloring. We showed that this method provided benefits for gene function analysis in planarians.
Materials and methods

Animals
Planarians from a clonal strain of Dugesia japonica derived from the Iruma River in Gifu prefecture, Japan, were used in all the experiments of this study. Planarians were cultured in distilled tap water at 24°C. Beef liver was fed to the planarians to maintain the strain. Planarians that had been starved for at least 1 week were used in the experiments.
Feeding of colored chalk powders
We used colorful chalks (Hagoromo Co., Ltd), whose main component is calcium carbonate, and powdered them using a food processor fitted with a steel blade. A mixture of the powder and water (1:3) was stored at À25°C. Thirty planarians were fed a mixture of 15 lL of the chalk powder solution, 10 lL of the beef liver homogenate, 5 lL of 2% agarose, and 10 lL of dsRNA solution (2 lg/lL), once daily for 2-3 h. An interchangeable lens digital camera (ILCE-QX1, Sony) was used to take photographs of living, swimming planarians that had completed the feeding.
RNA interference
Synthesis of double-stranded RNA of the gene D. japonica adenomatous polyposis coli (DjAPC) was performed as previously described (Rouhana et al. 2013; Umesono et al. 2013) . Control animals for RNAi experiments were fed egfp dsRNA. To inhibit feedinginduced binary fission of the planarians (Sakurai et al. 2012) , planarians with body length of 4-5 mm were used for the experiments.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as previously described (Umesono et al. 1997) .
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Total RNA was extracted from regenerating tail fragments using ISOGEN-LS (Nippon Gene), and cDNA was synthesized using the extracted RNA as template and a PrimeScript RT reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa). The qRT-PCR was performed using SYBR Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa). Quantitative analysis of the amount of each gene product was carried out as previously described (Ogawa et al. 2002 ) using a Thermal Cycler Dice Real Time System II (TaKaRa). The average amounts of each gene product from duplicate or triplicate qRT-PCR reactions were determined and were normalized by the expression level of Djgapdh. Gene-specific primer sequences used for the qRT-PCR assays are listed below:
Results and discussion
To deliver dsRNA into the body of D. japonica by feeding, we previously used liver homogenate as a supplement to arouse the planarians' appetite and Xenopus blood as food coloring to enable visualization of the planarians' ingestion of these substances embedded in agarose gel (Hosoda et al. 2016) . However, blood is not an ideal food coloring, especially when we perform multiple rounds of dsRNA feeding, ª 2017 Japanese Society of Developmental Biologists because incorporated blood is retained within the gut for several days (Hosoda et al. 2016) , which makes it difficult to confirm each round of dsRNA feeding based on the difference of the color density within the gut before and after feeding. We speculated that labeling the agarose gel used for each dsRNA feeding with a different food coloring might overcome this problem. In addition, blood can diffuse from an agarose gel and is rarely sold commercially. Taking all of these problems into consideration, we tested whether the powder of colored chalks (pink, yellow and blue ones), which are commercially available at low cost, was suitable for food coloring in planarians. We found that planarians actively consumed a mixture of a powder of each colored chalk and beef liver homogenate, and did not die as a result of this consumption ( Fig. 1) . All of the colored chalks enabled us to obtain vivid contrast between unfed and fed individuals under normal bright-field illumination (Fig. 1 ). In addition, pink and yellow chalks yielded fluorescent signals that could be detected using a Texas Red fluorescence filter set and a green fluorescent protein (GFP) fluorescence filter set, respectively (Fig. 1) . Fluorescent substances have already become widely used for visualizing the gut structure in living planarians (Forsthoefel et al. 2011; Hosoda et al. 2016) . For this purpose, pink and yellow chalks provide superior performance at much lower cost when compared to fluorescent beads that we previously used (Hosoda et al. 2016) . We then used these three different colored chalks as food coloring and developed a novel method that enables robust confirmation of once-daily dsRNA feeding up to four times. We termed this method of chalk-including RNAi "Candi" in planarians (Fig. 2a) . In addition, the protocol we established could minimize the time required for RNA knockdown by skipping several days separating each round of dsRNA feeding in the previously used RNAi method.
The basic principle of "Candi" is described below. On the first day of dsRNA feeding, planarians were fed an RNAi-inducing mixture containing blue chalk powder (Fig. 2a) . On the second day, planarians were fed an RNAi-inducing mixture containing yellow chalk powder instead of the blue one. Under these conditions, the combination of the already ingested blue and newly ingested yellow chalk produced green color in the gut (Fig. 2a) . On the third day, when the planarians were fed an RNAi-inducing mixture containing pink chalk powder, the combination of green and pink produced magenta color in the gut (Fig. 2a) . On the fourth day, when the planarians were fed an RNAi-inducing mixture containing yellow chalk powder, the combination of magenta and yellow produced orange color in the gut (Fig. 2a) . We could thereby easily and convincingly confirm that 80% of animals had completed four times of once-daily dsRNA feeding without undergoing fission (Fig. 2b) . We did not test further additional numbers of dsRNA feeding since such additional feedings might promote binary fission of each individual before the regeneration assay could be started. On the fifth day, animals that had received four dsRNA feedings were amputated into three body fragments (head, trunk containing a pharynx, and tail) and allowed to regenerate.
Next, we examined the effect of four rounds of once-daily dsRNA feeding compared to that of the conventional three rounds (in which the fourth dsRNA ª 2017 Japanese Society of Developmental Biologists feeding was skipped). We also examined the effect of three rounds of once-daily dsRNA feeding followed by the fourth feeding without dsRNA. For this purpose, we tested dsRNA of the gene D. japonica adenomatous polyposis coli (DjAPC), an orthologue of the gene Smed-APC-1 In the planarian Schmidtea mediterranea (Gurley et al. 2008) . It has been reported that Smed-APC-1 RNAi resulted in transformation of the head into a tail after amputation via activation of the posterior ß-catenin signaling (Gurley et al. 2008 ; penetrance = 60%). In D. japonica, however, we found that knockdown of the function of DjAPC by the conventional feeding RNAi caused head regeneration defects such as cyclopia (Umesono et al. 2013 ), but no transformation of the head into a tail, suggesting that conditions of the conventional DjAPC RNAi were not strong enough to accomplish knockdown of this gene. Control animals were fed egfp dsRNA four times. To examine the RNAi-induced phenotypes, we stained the trunk regenerates to visualize the anterior body region (head and prepharyngeal regions) and the pharynx with a probe for ndk like-2 (Djndl-2).
In control animals, strong expression, and progressively lower expression, of Djndl-2 marked the regenerated head and the prepharyngeal region, respectively, at 7 days of regeneration (Fig. 3a) . As we expected, animals that received three daily feedings of DjAPC dsRNA exhibited head regeneration defects, but not transformation of the head into a tail, as determined by the expression of Djndl-2 ( Fig. 3a; n = 14) . By contrast, some of the animals that received four daily feedings of DjAPC dsRNA regenerated a tail-like structure at their anterior-facing wounds, where no expression of Djndl-2 was detected ( Fig. 3a; penetrance = 35%, n = 14). In addition, all of these animals developed an ectopic pharynx at a position close to the anterior end (Fig. 3a) , which is characteristic of the transformation of the head into a tail in planarians (Iglesias et al. 2011) .
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis during head regeneration form tail fragments also revealed that the four-times of dsRNA feeding significantly reduced the expression level of Djndl-2 compared to the level in control planarians (Fig. 3b) . However, the three-times of dsRNA feeding failed to exert a significant effect (Fig. 3b) . We also found that the effect of the three-times of dsRNA feeding followed by a fourth feeding without dsRNA was equivalent to the effect of the three-times of dsRNA feeding (Fig. 3b) , indicating that the enhancement of the phenotypic severity depended on the fourth feeding of dsRNA, but not on feeding of food itself. Interestingly, we found that the knockdown effects of DjAPC were almost the same between four-times and three-times of dsRNA feeding (Fig. 3b) , raising the possibility that dsRNA may also play a role in translational repression of the targeted mRNA in a dosedependent manner prior to making this mRNA undergo degradation. This notion encourages us to speculate that performing RNAi using dsRNA containing the start codon (AUG) for protein synthesis may induce the maximum possible RNAi-induced gene-silencing in planarians. The DjAPC dsRNA that we used for this study did not contain the start codon. It will be of interest to assess this possibility in the future.
In summary, we used DjAPC dsRNA-feeding as a model and showed that "Candi" was superior to the ª 2017 Japanese Society of Developmental Biologists conventional method for positively marking individuals that actively underwent four rounds of once-daily dsRNA feeding. As a result, "Candi" enabled us to obtain stable and sufficiently strong RNAi-induced phenotypes in D. japonica. Thus, we expect that use of "Candi" will enable various advances in the understanding of planarian genes' functions. However, we also note a disadvantage of "Candi" for performing fluorescent detection of gene products in "Candi"-treated animals. Because, strong fluorescent signals derived from yellow and also pink chalks, which give us falsepositive ones, can be detected within the gut for several days after the last feeding. However, these signals became reduced via active egestion to almost undetectable levels by 10 days of regeneration (100% of head fragments, n = 10; 100% of trunk fragments, n = 7; 100% of tail fragments, n = 8). These observations indicate that a certain interval between the last feeding and amputation to start regeneration must be required for fluorescent-based analyses, especially in the "Candi"-treated earlier regenerates (e.g. regenerates at 1 day or 3 days of regeneration). Fig. 3 . Four times of once-daily feeding of DjAPC dsRNA caused stable and strong RNAi-induced phenotypes. (a) Djndl-2 expression in control trunk regenerates containing a pharynx at 7 days after amputation (left). Strong Djndl-2 expression marked the regenerated head (n = 22). By contrast, there was no detectable expression of Djndl-2 in the regenerated tail. Djndl-2 expression at 7 days after amputation in trunk regenerates from planarians that had undergone three times of once-daily feeding of DjAPC dsRNA (center). These RNAitreated animals resulted in head regeneration defects, including a cyclopia (arrow), but no transformation of the head into a tail (n = 14). Djndl-2 expression at 7 days after amputation in trunk regenerates from planarians that had undergone four times of once-daily feeding of DjAPC dsRNA (right). Brackets indicate a tail-like structure at anterior-facing wounds (5/14). Asterisks indicate a pharynx. Anterior is to the top. (left) and (right) show the ventral view. (center) shows the dorsal side. The scale bar is 200 lm. (b) Relative gene expression levels in control (grey bars) and DjAPC(RNAi) (light blue, light green and pink bars) animals at 3 days after amputation during head regeneration from tail fragments, as determined by qRT-PCR. Bars show the mean AE SE values of three biological replicate qRT-PCR assays (Student's t-test, *P < 0.05, **P < 0.01). n.s.: not significant.
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